Abstract-In this paper, a robust adaptive tracking control scheme is proposed for compensation of the stick-slip friction in a mechanical servo system. The control scheme has a sliding control input to compensate friction forces. The gain of the sliding control input is adjusted adaptively to estimate the linear bound of the stick-slip friction. By introducing the sliding control input, the global stability and the tracking error asymptotic convergence to the predetermined boundary are established via Lyapunov's stability theorem. The proposed scheme is shown to be robust to variations of the system and/or friction characteristics, and a bounded external disturbance. Computer simulations and experiments on an X -Y table verify the effectiveness of the proposed scheme.
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INTRODUCTION
RICTION is a natural resistance to relative motion be- In servo systems, when the controller is designed without consideration of the friction, the closed-loop systems show steady-state tracking errors and/or oscillations. In addition, the friction characteristics may be changed easily due to the environment's changes, for instance, the variations of the load, temperature, and humidity. So the friction compensation is not an easy problem. To compensate the friction, adaptive schemes were developed in optical tracking telescopes [3] , robot manipulators in low velocity (41, and X -Y tables [5] . In 161, a comparative work of several adaptive friction compensation techniques was presented. A nonlinear compensation technique which has a nonlinear proportional feedback control force for the regulation of the one degree of freedom ("1-DOF") mechanical system was proposed in 171.
In this paper, we propose a robust adaptive compensation technique for tracking of the I-DOF mechanical system with unknown stick-slip friction. In the proposed scheme, the linear bound of the friction is identified adaptively. Using the estimated bound, a sliding control input is calculated such that the tracking error is forced to remain in the preassigned boundary. The boundedness of all signals of the closed-loop system is guaranteed in the sense of Lyapunov. The proposed scheme is also robust to the variation of the friction, even in the presence of a bounded external disturbance. We demonstrate the performance of our scheme via computer simulations and experiments performed on a I-DOF mechanical plant called the X-Y The remainder of this paper is organized as follows: In Section 11, a mechanical system with friction and the investigation of the model of stick-slip friction are described. In Section 111, an estimation algorithm and a control law for friction compensation in details are proposed. The stability of the closed-loop system via Lyapunov's direct stability theorem is also proved. In Section IV, the simulation and experimental rewlts are provided to illustrate the performances of the developed scheme. Finally, conclusions are remarked in Section V.
11. SYSTEM MODELS The 1-DOF mechanical system under investigation is a mass contained to move in one dimension with stick-slip friction present between the mass and the supporting surface as shown in Fig. I .
The equation for this model is described as follows:
where r n is a mass, .c(t) is a relative displacement, F j ( . ) is a friction force, u(t) is a control force, and ~( t ) is a bounded external disturbance which represents the equivalent total disturbance due to the measurement noise and noises in the power source\, etc. The external disturbance is assumed to be bounded within the unknown upper bound frt as follows: 
The control objective is to force the plant state vector,
x ( t ) 4 [x(t). i.(t)]', to follow a desired trajectory, xd(t) A [ x d ( t ) , 2 d ( t ) l 7 .
Let us define the tracking errors and the error metric, s ( t ) , ds follows: The slipping force is assumed to dissipate energy at all the nonzero velocities, and therefore is bounded within the first and third quadrants. It is assumed that there exist the following constants: 
Here, we dcfine another error metric, s a ( t ) , as in [lo]
where sat(.) is a saturation function defined as
(@ The function .SA has the following useful properties:
which define the following piecewise linear bounds for the slipping functions as shown in Fig. 2 :
(ii) if I s / > 6, then Sa = 9 and l s a l = (SI -6,
Thus the problem is to design a control law u ( t ) which ensures that the tracking error metric s ( t ) lies in the predetermined boundary 6 for all time t > 0.
Therefore, we can say that the stick-slip friction is bounded within the linear bound as follows:
As shown in Fig. 3 , the control input u,(t) is designed as (7)
The following section describes an estimation algorithm for the linear bound described as above and the control scheme using the estimated bound to guarantee the stability of the overall system. where h(t) is the estimate of the mass rrL. &.
kd is a positive constant feedback gain, and i ( i ( t ) , t ) is Theorem I : Consider the closed-loop adaptive control system consisting of the plant (l), the control law (12), and the estimation algorithms (16). Then all the states in the closedloop system remain bounded and the tracking error metric s ( t ) asymptotically converge to the predetermined boundary 5 . One should choose small 6 to ensure the tracking errors in small boundary as shown in Theorem 1. A small h may cause that the sliding control input is likely to act as a discontinuous function. The discontinuous control input may cause the degradation of system reliability. Therefore, there should be a "trade-off" between the desired tracking error tolerance and the discontinuity of the control input. bounded tracking errors follow from (9).
( i ( t ) . t ) is defined as
i ( k ( t ) , c) ti&) + til(t)Ik(t)\(13+ Ff(.) + ~( t ) -k , j .~a ( t ) -k ( i ( t ) . t ) sat(s(t)/s)(
Iv. SIMULATION AND EXPERIMENT
In this section, we illustrate the effectiveness of the proposed control scheme by computer simulation and an experiment on an X -Y table. For simplicity, the proposed scheme was applied to only an X-axis positioning ( 1 -DOF) system. Performance of the proposed scheme will be compared with that of a PD controller. The PD controller is used instead of a complete PID controller, because it is more convenient to compare PD due to the similarity of its structure to the proposed controller. The integral term in a PID controller is mainly used for eliminating the Iteady-state error in point-to-point control tasks dnd it is not much useful in tracking tasks.
The desired position and velocity trajectories are shown in Fig. 4 . They are computed by integrating the following acceleration profile: where A is a set to 1 (m/s2) and 0.1 (m/s2) for the simulations and the experiments, respectively. T represents a period, which is set to 4 (s). Let us consider the parameters of the 1-DOF mechanical system (see Fig. 1 ) and the stick-slip friction model presented in Table I . We changed the parameters of the system at time t = 8 s to show the adaptability and the robustness of the proposed scheme. The external disturbance v(t) is zero mean Gaussian noise whose standard deviation is set to 0.1.
The designer's parameters of the controller are selected as and the boundary of the error metric 6 is set to 0.01. For fairness of comparison, the gains of the PD controller are chosen to the identical gains of the PD part ( k d 3 ( t ) term) in the proposed scheme, i.e., K p
The initial values of the estimates are chosen to be zero, i.e. , it can be seen that large tracking errors whenever the velocity becomes zero. Since the control input becomes smaller than the friction force as the velocity decreases, the mass becomes stuck. However, such a stiction can be avoided in the proposed controller. It demonstrates the superiority and the adaptability of the proposed scheme. The tracking errors of the proposed scheme are reduced remarkably. It can be seen that the tracking errors of the PD controller are increased after the system parameters are changed in the PD controller. However, the proposed scheme is robust to the variations of the system and/or stick-slip friction characteristics and the bounded external disturbance. We proved also that the tracking errors converge asymptotically to the preassigned boundary in the previous section. Fig. 6 shows the tracking error metric s ( t ) which does indeed demonstrate the asymptotic convergence as we expected.
B. Experiment
The experimental setup is shown in Fig. 7 . The system consists of the positioning mechanism, a position sensor system, a servo amplifier and an IBM PC equipped with a custom board. The X -Y table has two linear motion mechanisms which are composed of a dc motor, a screw, and a linear encoder. The linear encoder which has one micron (1 pm) resolution is equipped in X-axis mechanism. In order to obtain velocity measurement, numerical differentiation of position measurement was used. The obtained velocity information was then filtered by a second-order digital low-pass filter to alleviate the effects of noise. The main control algorithm is implemented with a 250 Hz sampling rate via an IBM PC with an Intel i486DX-66 microprocessor. The PC is interfaced to the current servo amplifier and the sensor through a custom card containing a 24-b counter and one-channel DA conversion circuits for one-channel analog output. The proposed algorithm is written in language C . and the desired error tolerance 6 is set to IO, which is experimentally determined so that the control input ~( t ) is smooth as discussed in the remark in Section 111. The identical gains of the PD part in the proposed controller are used by the PD controller, i.e., h'p = 3, K D = 0.1. The initial values of the estimates are chosen to be zero (no prior knowledge) to highlight the effect of the adaptation. Since the mechanical structure and other components in the system have inherent unmodeled high-frequency dynamics which should not be excited, small adaptation gain rll should be used for trajectories with high acceleration .Yl(t) in order to keep the bandwidth of the closed-loop system, and thus the excitation of the unmodeled dynamics, at the same level [ 111. Fig. 8 shows the position and the velocity tracking errors of the well-tuned PD controller and the proposed controller, respectively. From Fig. 8(a) , it can be seen that a maximum position error of the PD controller is about 0.7 mm. On the other hand, the proposed controller allows us to obtain a maximum position error of less than 0.3 mm after 4 s, representing around two times reduction in the tracking error. Although it is hard to distinguish the tracking performance in velocity from the Fig. X(b) , the proposed controller guarantees slightly reduced velocity error, compared to the PD controller. As was confirmed in computer simulation, Fig.9 shows the asymptotic convergence of the error metric s ( t ) to the desired error tolerance b = 10. The result demonstrates the usefulness of the proposed controller such that we can handle the tracking performance within the prespecified error tolerance.
V. CONCLUSION
In this paper, the development and implementation of a robust adaptive tracking control scheme to compensate the unknown stick-slip friction was presented. A linear bound of the stick-slip friction is estimated adaptively using an estimation algorithm based on Lyapunov's stability theorem. The proposed control scheme shows the tracking error is bounded in the predetermined tolerance in the presence of the external disturbance. The global stability of the overall system is established in the Lyapunov's sense. Finally, simulation and experimental results have verified the effectiveness of the proposed control scheme and have shown that the compensation technique guarantees superior tracking performance compared to the conventional PD controller.
